Adaptation of honey bees to their environment is expressed by the annual development pattern of the colony, the balance with food sources and the host -parasite balance, all of which interact among each other with changes in the environment. In the present study, we analyse the development patterns over a period of two years in colonies belonging to 16 different genotypes and placed in areas grouped within six environmental clusters across Europe. The colonies were maintained with no chemical treatment against varroa mites. The aim of the study was to investigate the presence of genotype -environment interactions and their effects on colony development, which we use in this study as a measure of their vitality. We found that colonies placed in Southern Europe tend to have lower adult bee populations compared to colonies placed in colder conditions, while the brood population tends to be smaller in the North, thus reflecting the shorter longevity of bees in warmer climates and the shorter brood rearing period in the North. We found that both genotype and environment significantly affect colony development, and that specific adaptations exist, especially in terms of adult bee population and overwintering ability.
Introduction
Honey bees (Apis mellifera L.) are increasingly in demand as pollinators for various key agricultural food crops, but globally their populations are in decline, and honey bee colony failure rates have increased (EFSA, 2008; van der Zee et al., 2012 van der Zee et al., , 2014 Spleen et al., 2013; Steinhauer et al., 2014; VanEngelsdorp et al., 2012) . There is now consensus among scientists that the causes for these colony losses are multifactorial, with the major culprits being identified as diseases and parasites (Higes et al., 2006; Cox-Foster et al., 2007; de Miranda and Genersch, 2010; de Miranda et al., 2010; Johnson et al., 2009; Genersch et al., 2010; Nazzi et al., 2013; Neumann and Carreck, 2010) , the use of pesticides (Desneux et al., 2007; Di Prisco et al., 2013; Hatjina et al., 2013; Nguyen et al., 2009; Frazier et al., 2008; vanEngelsdorp et al., 2009; Chauzat et al., 2009 ) and changes in land use (Foley et al., 2005; Kremen et al., 2007; Bartomeus et al., 2013) .
Our working hypothesis was that loss of adaptation to local environment may also play a role in reducing colony survival by decreasing genetic variation for resistance to infections and other stressors (Meixner et al., 2010 ).
The development of a honey bee colony is the result of a wide range of physiological and behavioural changes, which start from the individual bee level and then reflect on the whole colony. A single worker bee starts its existence as an egg, goes through a series of larval and pupal stages, and emerges as an adult 21 days later, with some variation (from a minimum of 16 days to a maximum of 24) due to external factors, mainly temperature and nutrition, and to genotype (for example, bees of African descent have a shorter development time). The life span of the worker bee is mainly influenced by the season: the general pattern in temperate climates is that worker bees are short-lived in summer and long-lived in winter.
The longevity of summer bees ranges from 15 to 38 days, while the mean longevity for a winter bee is 140 days, with peaks of up to 320 days (Farrar, 1937; Sakagami and Fukuda, 1968; Winston, 1979) .
Intermediate longevities have been observed for spring and autumn bees. The longevity of worker bees may also be strongly influenced by health status, as many pathogens (such as Varroa destructor, Nosema spp.) are known to shorten their lifespan (Malone and Gatehouse, 1998; Downey and Winston, 2001 ). The longevity of individual bees is one of the factors that affect the size of a colony throughout the season: the number of adult bees in a colony plays a role on the amount of brood that can be reared, in turn, the adult bee population and the brood interact via pheromones with a feedback system which regulates colony functions according to its need (reviewed by Bortolotti and Costa, 2014 ).
The size of the colony population (the amount of brood and the number of adult bees) and its interaction with the environment around it, determine the amount of food (nectar and pollen), which is collected, and the amount of food which is consumed. In other terms, the ability of a colony to make the most of the available floral resources, defined in apicultural terms as the productivity of a colony (honey yield and annual food balance), is related to the adult bee population force and to the annual cycle of the colony.
On the other hand, food availability and diseases may impose limits on colony development. Adaptation of honey bees to their environment is expressed by the annual development pattern, the balance with food sources and the host -parasite balance, all of which interact among each other and with changes in the environment. The honey bee colony shows a wide range of developmental patterns, which correspond to the wide range of Apis mellifera's geographical distribution. Availability of food sources and the length of the active flying season are probably some of the most important environmental
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GEI are known to occur in many organisms (plants and animals) and this concept has been applied to the study of different quantitative traits such as longevity (Vieira et al., 2000) , immunity and fecundity (Lazzaro et al., 2008) , and productivity (Hammami et al., 2008) . To the plant or animal breeder, GEI have in the past represented a problem, for they limit the application of results from varietal or performance tests, as one genotype may perform better than another in a first environment but worse in a second (Burdon, 1977) . In honey bees, a few studies have found GEI at the colony level: Louveaux et al. (1966), showed that different ecotypes of honey bee colonies maintain the adaptation to the annual cycle of floral availability of their native environment when moved out of it; Recently, similar findings were reported by Uzunov (2013) for two genotypes of A. m. macedonica, by Charistos (2013) for three genotypes of A. m. macedonica and a genotype of A. m. cecropia which maintained their annual colony developmental trajectories in non-local conditions and by Rasic (2013) for 4 genotypes of A.m. carnica. Costa et al. (2012a) suggest the presence of GEI in Italian honey bee populations when considering their spring development and honey production.
Following these reports, the aim of this study was to comprehensively investigate the effects of genotype, of the environment, and the interaction of the two factors, on the colony development of different European honey bee genotypes, thereby gaining further insight into the complex process of adaptation. We included 16 different genotypes coming from different backgrounds (some from breeding programmes with strong focus on specific traits, others from conservation programmes with little selection) in the experiment and tested their development and performance in different environments, represented by 21 locations in 11 countries across Europe.
Material and method
Honey bee genotypes and locations European countries, ranging from Scandinavia to the Mediterranean, across Central Europe and the Balkans (see Table 1 in Büchler et al., 2014) . A detailed map showing the distribution of genotypes at the experimental locations across Europe is shown in Francis et al. (2014) .
At each location the local strain of bees was tested together with at least two "foreign" origins. No chemical treatments against varroa or other pathogens were applied during the experiment. A detailed factors affecting the dynamics of population growth. It is known that honey bees are not active when the outside temperature is below 10°C and when it rains, and that activity decreases with high temperatures (above 30°C) (Heinrich, 1996) .
Apiculturists long ago realized that knowledge of the colony's population dynamics could be an important tool for understanding its functions, and to make choices in beekeeping. A booklet from the end of the 19th century described "the basic law of brood and colony development", under the assumption that such information was essential for anyone wishing to keep bees (Gerstung, 1890) . Since then, many bee scientists have recognized the truth of this, and many studies have investigated how colony population size affects colony growth, behaviour, and survivorship. To perform these studies, different ways of assessing colony population size have been used and are extensively reviewed in Imdorf et al. (2011) and Delaplane et al. (2013) . Models have also been constructed for estimating the population and brood size of a colony based on actual data (Harris, 1985) . The size or "strength" of a colony is greatly influenced by geographical factors (such as latitude and altitude), by the quality and amount of pollen and nectar producing flora, and by its genotype, and has been reported to vary from a maximum population of 60,000 thousand bees (Farrar, 1937) to just a few thousand bees in an overwintering colony (Harbo, 1986 ). In a temperate climate, the population is typically at its lowest during the winter and then grows rapidly in the spring leading to a peak in size at the beginning of the summer, followed by a gradual reduction through the rest of summer and autumn into the winter.
This annual development pattern is determined to a greater extent by the environment, but several studies have shown that the genetic makeup of the colony also has an influence on the dynamic of its development (Louveaux, 1966; Costa et al., 2012a; Uzunov, 2013) .
For example, African colonies respond more rapidly with increased brood rearing when foraging conditions become favourable (Rinderer and Hellmich, 1991 ) when compared to honey bees from temperate climates.
Population growth is the best predictor of a colony's ability to survive over the winter and to reproduce by swarming (Michener, 1964; Winston, 1979 Winston, , 1980 Winston et al., 1981; Seeley and Visscher, 1985; Winston, 1985, 1987; Harris, 2010) . The ability to store honey, which is the basis of the survival of the honey bee colony during winter, shows natural variation among and within honey bee populations, and has also represented the main selection trait even in the simplest breeding programmes (Bar-Cohen et al., 1978; Guzman-Novoa and Page, 1999) . The environmental conditions that allow a honey bee colony to be active are of great importance when we consider the colony productivity in terms of population, as well as of collected food.
Thus, long-term adaptations express suitable population dynamics of the bee colony, which enable the colony to make the most of the available resources and to successfully resist threats like unfavourable seasonal living conditions (Parker et al., 2010) , disease and parasite The COLOSS GEI Experiment: population dynamics 235 description of the distribution of the strains across the locations can be found in Costa et al. (2012b) and is graphically depicted in Francis et al. (2014) .
Environmental conditions
In the experimental set up, each location represented not just a geographic area, but a sum of characteristics, related to local environmental conditions, management practice, management techniques, influence from neighbouring apiaries, flowering plants etc. Given the above, areas with similar environmental conditions suitable for bee activity might have the same impact on colony development and production. Therefore, in this study we considered the different locations with similar environmental conditions, as clusters of similar climatic conditions, as we assume that food availability can influence both the number of brood successfully reared to adulthood, therefore population and the time of the year the population will reach its maximum.
Meteorological data (mean, minimum and maximum daily temperature, rain fall and humidity) were collected for the experimental locations from local meteorological stations. The weather parameters for the year 2010 were used for statistical analysis (for this year we had complete data for all locations). Daily temperatures (average, minimal, maximal) and days with rain were used to obtain for each location the number of days with minimum temperature below 0°C, maximum temperature above 30°C, average temperature below and above 10°C, and number of days with rainfall for each location. These data together with average annual temperatures and latitude positions of the locations were used as dataset in order to group the locations with similar environmental conditions. Locations were clustered by Ward's minimum variance method using proc CLUSTER, and a dendrogram was produced by proc TREE (SAS, 2009). Following cluster-analysis, the 20 different locations were grouped into six distinct clusters ( Fig. 1 ) and the average values for each location as well as for each cluster are given in Table 1 .
The six environmental clusters were named according to length of the active season (defined on the basis of average number of days with temperatures above 10°C) and were used for analysis instead of the 20 locations, for ease of interpretation.
Assessment of colony development traits
Colony development was assessed by considering several parameters, based on the assumption that a honey bee colony is 'productive' not only for its honey yield but also as a whole (bees, brood and food with the "Liebefeld method" (Imdorf et al., 1987; Delaplane et al., 2013 ). The amount of pollen in the colony was evaluated by assigning a score, based on the amount of pollen in relation to the amount of brood. Harvested honey was weighed and any supplementary feeding or placement/removal of honey combs was also noted. The testers were trained to assure uniform measuring (for more details on colony assessment methods see Costa et al., 2012b) .
Statistical analysis
A General Linear Model (GLM) was used to examine statistical difference among the considered factors; genotype (n = 16), origin of breed (local vs. non-local), environmental cluster (n = 6), season (spring, summer and autumn) and year (2010 and 2011) were used as fixed effect factors and pollen storage was used as a covariate. Differences among factors were assessed by applying post-hoc analysis using a Bonferroni test. Pearson's correlation coefficients (r) were calculated using the SPSS software package, release 19.0, as for all the above analysis. Table 1 .
Results

Adult bee population
The size of the adult honey bee population was significantly affected by all considered factors: the genotype, origin (local or non-local), the environmental cluster, the year and the season (Table 2 ). In general, the number of adult bees was lower in spring than in autumn and much higher in the summer (Fig. 2) . Environmental conditions significantly affected the development of the honey bee populations with the colonies in the countries near the Mediterranean region having the lowest overall numbers of adult bees, along with the highest numbers of days with T >10°C (Table 3) 
Number of brood cells
The number of brood cells was significantly influenced by most considered factors (Table 4 ). The general trend was that brood production was lower in autumn than in spring, opposite to what happens with the adult bee population, and higher in the summer, as for the number of adult bees (Fig. 3) . The environmental conditions significantly affected the brood development of the honey bee colonies, but differently from the adult bee population we found that the lowest overall numbers of brood cells were in the colonies placed in the colder locations or in the clusters with very short active period (and low numbers of days with T > 10°C respectively) ( Table 5) . We did not
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Relation between developmental stages
The ratio of brood to adult bees was higher in spring compared to autumn for all genotypes, and higher than 1 in most cases (indicating a higher level of brood compared to adult bees), with values ranging from 0.91 in CarK to 2.42 in MelP (Fig. 4A) . In autumn the ratio was (Fig. 4A) . When considering the ratios according to the environmental conditions, it is notable that the warmest regions had higher autumn and summer ratios, confirming the higher production of brood in the summer and showing how brood production continues longer into the autumn, compared to the colder regions. As can be observed in Fig. 4B , the autumn ratio ranged from 0.10 in / Äikäs Flakkebjerg / Monchgut / Lunz / Kirchhain to 1.17 in Chalkidiki / Termini / Unije. In spring the ratio was higher than 1 in all clusters apart from the coldest region and Bulgaria, ranging from 0.60 in Dimovci / Plovdiv / Vinica to 2.10 in Bronowice / Kunki / Gasiory. In the summer the ratio was higher than 1 in all clusters apart from Bulgaria, ranging from 0.66 in Dimovci / Plovdiv / Vinica to 2.0 in Avignon / Le Bine Mantova / Scopje / Probistip (Fig. 4B ).
Overwintering ability
The environmental conditions, but not the year, significantly affected the overwintering ability of the various genotypes (Table 6 ). Also, the genotypes had a different overwintering ability depending on whether they were in their local environment or not, as highlighted by the significant interaction between genotype and origin in the GLM analysis find a significant difference in number of brood cells according to the origin (local or non-local) while similar to the adult bee population we found that the year of the test significantly affected brood production with average brood cells reaching 15,138 ± 482 in the first year and 10,566 ± 477 in the second year. Table 2 . GLM analysis of adult bee population using 'genotype', 'cluster', 'season', 'origin' and 'year' as fixed effect factors and 'pollen' as a covariate. a. R Squared = 0.858 (Adjusted R Squared = 0 .849). ( Table 6 ). Illustration of the differences between the genotypes in local vs non local areas are shown in Fig. 5A . Significant differences were also observed between the environmental clusters, which are shown in Fig. 5B , where numbers of spring bees were plotted against numbers of autumn bees. When data is above the diagonal line of the graph, thus the overwintering ability is >1 the number of spring bees is higher
The COLOSS GEI Experiment: population dynamics 239 than autumn bees, while when the data is below the diagonal line the number of spring bees is lower than autumn bees, indicating a poor development or large loss of bees in the winter. Interestingly, the clusters with shorter active season tend to have an overwintering index <1.
Honey yield
The collected data showed great differences in honey yield among the considered factors ( (Fig. 6A) , although care must be placed in interpretation of these data, as significant differences among environmental clusters were also observed, with the most Southern locations (longer active season) having the highest honey yields (Fig. 6B) . Overall, local genotypes collected higher amounts of honey than non-local ones (with 24.5 and 22.7 kg of honey respectively); although this difference was not significant, the interaction between genotype and origin was.
The strong influence of environmental conditions is evident also by the Table 4 . GLM analysis of number of brood cells using 'genotype', 'cluster', 'season', 'origin' and 'year' as fixed effect factors and 'pollen' as a covariate. a. R Squared = 0.828 (Adjusted R Squared = 0.817).
difference between the two years. Although colonies were weaker in the second year, having lower amounts of bees and brood, the honey harvested was higher than in the first year (25.5 kg and 21.5 kg respectively).
Relations between development parameters, varroa infestation and colony survival
The complete data set gave us the possibility of investigating relations between parameters: we thus found that: Mean values with *= p < 0.05; **= p < 0.01 and ***= p < 0.001). 
Discussion
Along the distribution range of honey bees, the ecosystem circumstances can vary from extremely hot deserts in southern regions to long and hard winters with temperatures of -45 o C in northern European forests.
Accordingly, the annual active flight and forage season can be the whole year round or be restricted to just a few months (in Northern Europe the bees are forced to stay in winter cluster for almost seven months). The annual cycle of colony development of European honey bees has been described in many independent studies from America (Avitabile, 1978; Harris, 2008; to Europe (Wille and Gerig, 1976; Liebig, 1996) and Asia (Gong, 1980) . Honey bees display a great range of behavioural and morphological differences resulting from adaptation to such diverse environments.
During our experiment the average annual temperature ranged from 3.68°C in Äikäs, Finland to 16.95°C in Chalkidiki, Greece, with the lowest number of days < 10°C in Termini Imerese, Italy; Unije, Croatia and Chalkidiki, Greece (52, 53 and 72 respectively) and highest number of days < 10°C in Äikäs, Finland followed by Flakkebjerg, Denmark (241 and 220 days, respectively). The opposite trend was found for the days with T > 10°C and with T > 30°C (Table 1) . These parameters clearly demonstrate the high differences in the climatic conditions and the consequence in terms of possible bee-active days among the European locations considered in our experiment.  the overwintering ability of the colonies was positively correlated to honey yield in the next season (r = 0.368, P < 0.000);
 survival days were not correlated to overwintering index (r = 0.084; P > 0.05). or a similarly accurate one for estimating the actual number of adult bees; rather, they calculated the number of adult bees based on the brood area and on an assumption of the duration of adult bee life-span.
As mentioned above, the colonies were found to be weaker during the second year of the experiment, in terms of both adult bee population and number of brood cells, probably as a result of increased varroa infestation during the second year, and maybe the increased age of the queens (Woyke, 1984; Genç, 1992; Kostarelou-Damianidou et al., 1995; Akyol et al., 2008) . Indeed we found significant negative correlations between mite infestation levels and the number of adult bees in the following months, and after the winter. Previous studies have shown that colony losses are linked to varroa infestation levels, but also to the age of the queen and the size of the colony in the autumn ). An increased number of brood cells and adult bees in the summer also results in an increased number of varroa mites, which in turn may result in a higher virus titers of the bees (see also Genersch et al., 2010; Meixner et al., 2014) . It is therefore interesting to know or even to predict the survival of a colony according to varroa levels and population in summer and autumn. Our strategy of not treating the colonies allowed us to observe the natural interactions between genotype and environment and their effects on colony vitality. The same can also be measured by the ability of the colony to overwinter with a high number of adult bees, which probably will result in a more successful spring development, as has been shown by Harris (2008 Harris ( , 2010 . Locations with long active season tend to have higher numbers of spring bees compared to autumn bees (thus higher overwintering index) but lower numbers of bees as an overall. We also found that the various genotypes performed differently in local or in non-local environments, thus demonstrating the adaptation of the local populations to their specific area of origin. Similar effects have been demonstrated with dairy cattle (Hammami et al., 2008) .
The performance of a honey bee colony can also be described by its ability to collect honey and be productive. Although the management of the colonies during this experiment did not allow normal practice for honey production, and it was not specifically orientated to honey production, we collected data in order to see the effect of the GEI on this important apicultural characteristic. Under the restrictions of the limited data available, the local genotypes showed a trend to collect more honey than the non-local ones, which shows their ability to develope higher adult bee populations (as we found in the present study) and better ability to forage on the local flora. This adaptation and their longer survivorship (see Büchler et al., 2014) could also explain the fact that the survived colonies (most of them of local genotypes) had higher honey production during the second year. GEI which resulted in higher honey production, linked to higher spring development, have also been shown by Costa et al. (2012a) 2. a higher proportion of foraging bees (not considered in the estimation).
It has indeed been shown that reductions in colony population are associated with shorter worker life spans, younger worker foraging ages, and increased rates of comb building, brood rearing, and population growth (Winston and Fergusson, 1985; Winston et al., 1985) . The second hypothesis could be due to a more precocious onset of foraging, which can be the result of pathological conditions -it is well known that bees infected by Nosema spp. start foraging earlier (Wang and Moller, 1970a, b; Tofilski, 2009) or simply to a higher number of beeactive days and general better foraging conditions -the active flight season and the honey yield were indeed highest in the most southern
cluster. An indication of large differences in adult bee life-span come from the ratio between the two developmental stages: if the ratio is multiplied by the length of development in days we find that the estimation of life-span ranges from 12 to 42 days, showing a strong influence of the cluster (environment) with the tendency of a higher average life expectancy in the colder regions.
It is also important to state that the number of bees developed in a specific location is also the result of parameters such as management techniques and measuring accuracy, parameters that we tried to keep as constant as possible (e.g. self-evaluation of measuring accuracy;
see Costa et al., 2012b) , but still subject to error and variation. However, we feel that these estimates are more accurate than estimates made by measuring brood area and then making assumptions on adult bee life. For example, a study by Hauser and Lensky (1994) bees in spring compared to autumn and they can probably develope quicker and stronger in order to produce higher amounts of honey. And indeed this was found in our experiment: colonies with higher overwintering ability produce more honey.
However, we should always keep in mind that in our experimental conditions colony assessments, both in spring and autumn, were performed when it was permitted by the environmental conditions.
Furthermore, each genotype was tested in different environmental conditions/locations, and it is possible that some genotypes were tested in more favourable conditions than others, especially in terms of honey production. This might explain the overall not significant effect of the factor 'origin' but the significant effect of the interaction between 'genotype' and 'origin'.
Based also on the correlations performed between the survival period or varroa levels and the colonies' population or brood we can state that high numbers of bees in spring leads to high number of bees in summer, which leads to high levels of varroa in summer and autumn and eventually in low number of bees in autumn and probably low survival for next spring.
Pollen storage levels may also have a direct effect on colony fitness as they are related to immediate colony growth rates via brood production (Brodschneider and Crailsheim, 2010; Odoux et al., 2014) . However, pollen storage in this study was recorded in a way to show shortage or levels of abundance only. Therefore, although it showed significant influence on all characters determined, this was not enough to be analysed further for its specific differentiated effects on colony growth.
Intensive breeding activities during the last decades are limiting the number of subspecies or ecotypes as they favour specific breeds or commercial lines. However, it is well documented that high diversity of honey bee populations still exists in Europe (De la Rua et al., 2009; Bouga et al., 2011; Ivanova et al., 2012) . Therefore, the questions to be answered are: why does this high diversity exist? Do we need to preserve it for specific reasons? The results from the colony development in the European GEI experiment show that there are good reasons to believe that the diversity is the result of natural selection favouring specific phenotypes with important local adaptations, resulting in improved fitness of each population. Furthermore, the data highlights the significance of using local populations in breeding programmes.
Acknowledgements
The is an international, non-profit association based in Bern, Switzerland that is focussed on improving the well-being of bees at a global level. 
